We study the muon pair production e + e − → µ + µ − in the framework of the non-minimal noncommutative(NC) standard model to the second order of the NC parameter Θ µν . The O(Θ 2 ) momentum dependent NC interaction significantly modifies the cross section and angular distributions which are different from the standard model. After including the effects of earth's rotation we analyse the time-averaged and time dependent observables in detail. The time-averaged azimuthal distribution of the cross section shows siginificant departure from the standard model. We find strong dependence of the total cross section(time-averaged) and their distributions on the orientation of the noncommutative electric vector ( Θ E ). The periodic variation of the total cross-section with time over a day seems to be startling and can be thoroughly probed at the upcoming Linear Collider(LC).
I. INTRODUCTION
Several radical proposals based on the higher-dimensional spacetime(e.g. braneworld models) have been put forward that can narrow down the large hierarchy between the four-dimensional Planck scale M P l and the electroweak scale M EW . In the brane-world models where the gravity is strong at the TeV scale [1] , one can see the stringy effects and the effects of the space-time noncommutavity in the TeV colliders. Interests in the noncommutative(NC) field theory arose from the pioneering work of Snyder [2] and the recent developments in string theories connected to the D-brane dynamics which at low-energy manifests that spacetime is noncommutative [5] [6] [7] . Witten et al.[8] in 1996 has suggested that one can see some stringy effects by lowering the threshold value of commutativity to TeV, a scale which is not so far from present or future collider scale.
The noncommutative spacetime can be characterized by the coordinate operators sat-
where, the matrix Θ µν is real and antisymmetric. It has the dimension of area and reflects the extent to which the spacetime is fuzzy i.e. noncommutative. In above Λ N C (Λ, say)
represents the NC scale and c µν has the same properties as Θ µν . In order to study an ordinary field theory in such a noncommutative space, one replaces the ordinary product of fields with Moyal-Weyl(MW) [9] ⋆ products defined by
Using this we find the noncommutative quantum electrodynamics(NCQED) Lagrangian as
where D µ ψ = ∂ µ ψ − ieA µ ⋆ ψ, (D µψ ) = ∂ µψ + ieψ ⋆ A µ , and F µν = ∂ µ A ν − ∂ ν A µ − ie(A µ ⋆ A ν − A ν ⋆ A µ ). In the WM approach the group closure property is only found to hold for the U(N) gauge theories and the matter content is found to be in the (anti)-fundamental and adjoint representations. In the Weyl-Moyal approach interestingly one finds 3-photons and 4-photons vertices in NCQED analogous to the Yang-Mills theory. Using this method Hewett et al.[3] [5] [6] [7] [8] [9] [10] approach the matter fields ψ and the gauge field A µ in the noncommutative spacetime can be expanded in terms of the commutative ones as power series in Θ,
The advantage in the SWM approach is that this construction can be applied to any gauge theory with arbitrary matter representation. Using the SW technique, Calmet et al. [11] first constructed a model (close to the standard model(SM)), with noncommutative gauge invariance which is known as the minimal noncommutative standard model(mNCSM) (as mentioned above). They listed the Feynman rules comprising the standard model interaction(modified) and new interactions which are absent in the SM. Intense phenomenological searches [12] have been made to unravel several interesting features of this model. Recently, one of us has investigated the impact of weak Z and photon exchange in the Bhabha and the Möller scattering in the noncommutative spacetime [13] . However all these analyses are limited upto the first order in Θ. It is necessary to go beyond O(Θ). The present authors first reported a preliminary study in this direction: they analysed the e + e − → γ, Z → µ + µ − to order Θ 2 (without considering the effect of earth's rotation) [14] . Now in a generic NC-QED the triple photon vertex arises to order O(Θ), which however is absent in the mNCSM.
Another formulation of the NCSM came to the forefront through the pioneering work by
Melic et al. [15] where the triple neutral gauge boson coupling [16] appears naturally in the gauge sector. We will call this the nonminimal version of NCSM or simply NCSM. The
Feynman rules to order O(Θ) were presented in their work [15] . In 2007, Alboteanu et al presented the O(Θ 2 ) Feynman rules for the first time. In the present work we will confine ourselves within this nonminimal version of the NCSM and use the Feynman rules given in Alboteanu et al.[12] .
The noncommutativity parameter Θ µν may be an elementary constant in nature that has a fixed direction in a specific coordinate system fixed to the celestial sphere. The laboratory frame which is located on the earth, is moving by earth's rotation. So we should take into account the apparent time variation of Θ µν in the laboratory frame when we make any phenomenological investigation of scattering or decay of particles on the surface of the earth.
In this paper, we consider the effect of earth's rotation on the muon pair production in the upcoming Linear Collider.
In addition if spacetime is anisotropic due to the noncommutativity, then a probe to the magnitude of the length scale (scale of anisotropy) and the specific direction of Θ µν may be very interesting both from an experimental and theoretical point of view. We may determine the direction of Θ µν by studying the behaviour of several time averaged observables.
In Sec II, we describe the parametrization of the noncommutativity parameter Θ µν including the effect of earth's rotation. We construct several time-averaged observables i.e.
the cross section and the differential cross-section ofe
In Sec III, we make a detailed numerical analysis and discuss the prospects of the TeV scale noncommutative geometry. Finally, in Sec IV we summarize our results and conclude.
II. e + e − γ,Z −→ µ + µ − SCATTERING IN THE LABORATORY FRAME
The pair production of muons e
exchange of γ and Z bosons in the NCSM. The corresponding Feynman diagrams are shown below ( Fig. 1) . In order to have the cross section to order O(Θ 2 ), we include the order
O(Θ 2 ) Feynman rule. The scattering amplitudes to order O(Θ 2 ) for the photon mediated diagram can be written as
and for the Z boson mediated diagram as
where Since the noncommutative parameter Θ µν is considered as fundamental constant in nature, it's direction is fixed with respect to an inertial(non rotating) coordinate system (which can be a celestial coordinate system). Now the experiment is done in the laboratory coordinate system which is located on the surface of the earth and is moving by the earth's rotation.
This results in an aparent time variation of Θ µν which should be taken into account before making any phenomenological investigations.
The effect of earth's rotation on noncommutative phenomenology were considered in several earlier studies [17] . Here we follow the work of Kamoshita [17] . Letî X ,ĵ Y andk Z be the orthonormal basis of the primary(non rotating) coordinate system (X-Y-Z). Then in the laboratory coordinate system (î −ĵ −k), the bases vectors of the primary(non rotating) coordinate system can be written aŝ
Here we have used the abbreviations c β = cosβ, s β = sinβ etc. In Fig. 2 we have shown the primary(X − Y − Z) and laboratory(i − j − k) coordinate system. Note that the primary Z axis is along the axis of earth's rotation and (δ, a) defines the location of e − − e + experiment on the earth, with −π/2 ≤ δ ≤ π/2 and 0 ≤ a ≤ 2π. Because of earth's rotation the angle ζ (see Fig. 2 ) increases with time and the detector comes to its original position after a cycle of one complete day, one can define ζ = ωt with ω = 2π/T day and T day = 23h56m4.09053s.
Thus the electric and the magnetic components of the NC parameter Θ µν in the primary system is given by
with
and
Here (η, ξ) specifies the direction of the NC parameter Θ µν w.r.t the primary coordinate system with 0 ≤ η ≤ π and 0 ≤ ξ ≤ 2π. In above Θ E and Θ B are the model parameters and the corresponding energy scale are defined by Λ E = 1/ √ Θ E and Λ B = 1/ √ Θ B which one can probe for different processes.
The spin-averaged squared-amplitude of the e + e − γ,Z −→ µ + µ − scattering is given by
The direct and interference terms in Eq. 11 are given in Appendix C. To calculate these we use the order O(Θ 2 ) Feynman rules given in [12] . It is interesting to note that all the lower order terms i.e. O(Θ), O(Θ 2 ), and O(Θ 3 ) get cancelled (see the related discussion in the Appendix C and Appendix D of [14] )). Since it is difficult to get the time dependent data, we take the average of the cross section or it's distributionz over the sidereal day T day and compare that with the experimental data. We introduce the time averaged observables as follows:
where
In the above
where σ = σ( √ s, Λ, θ, φ, t). The time dependence in the cross section or it's distribution enters through the NC parameter Θ(= Θ E ) which changes with the change in ζ = ωt. The
angle parameter ξ appears in the expression of Θ through cos(ωt − ξ) or sin(ωt − ξ) [17] as the initial phase for time evolution gets disappeared in the time averaged observables. So one can deduce Θ E i.e. Λ E and the angle η E from the time-averaged observables.
III. NUMERICAL ANALYSIS
We describe in detail several characteristic results of the muon pair production in the NCSM and discuss at a length about how to probe the NC scale Θ E using cross-section and it's distributions in the laboratory coordinate system. Since it is difficult to get the time-dependent data, we consider the time-averaged total and differential cross-section and investigate their sensitivity on the NC scale Λ (= Λ E ) and the orientation angle η (= η E )).
We set the laboratory coordinate system by taking (δ, a) = (π/4, π/4) which is the OPAL experiment at LEP.
A. Time-averaged angular distribution
The angular distribution of the final state scattered particles is a useful tool to understand the nature of new physics. Since the noncommutativity of space-time defined by Eq. (1) breaks Lorentz invariance including rotational invariance around the beam axis, this will lead to an anisotropy in the azimuthal distribution of the cross section i.e. the distribution will depend on φ. This anisotropy which persists in the time-averaged (averaged over the side- The distribution has peaks corresponding to η = 0, π/4, π/2 and π. The plots on the l.h.s corresponding to η = 0 and π are coincident. For η = π/4 the peak at the left (located at φ = 3π/4) is smaller than the peak at the right (located at φ = 7π/4) which is quite pronounced. For η = 0 and π it is opposite. The plot corresponding to η = π/2 has a smaller peak at φ = 7π/4, whereas the plot corresponding to η = 3π/4 is almost flat. On the r.h.s of Fig. 3 , we have plotted 
B. Time averaged total cross section
In Fig. 5 we have plotted the time-averaged total cross-section σ T T (in f b) as a function of the machine energy E com (see the plots on the left) which varies from 0.5 TeV to 2 TeV.
The three curves corresponding to Λ = 0.8, 0.9, 1.0 TeV and η = π/4 looks almost same: no significant deviation among them is found until the energy reaches 1.5 TeV. On the right we have plotted the same with the machine energy(E com ) varying from 1.5 to E com = 2.0
TeV. We see a significant enhancement in the cross-section with the decrease in Λ. In Table   1 , we make an estimate of the number of events per year (say, N) corresponding to different Λ. We set the machine energy E com at 1. 
The total cross section σ is plotted as a function of ζ(= ωt − ξ) (with ξ = 0) corresponding to η = 0, π/4, π/2, 3π/4 and π. We set E com = 1.5 TeV and Λ = 0.8 TeV. There are peaks in the plot corresponding to η = π/4 and π/2 which are located at ζ = 3.27 rad.
• The cross section σ is found to be completely flat for η = 0 and π: no change in the cross section as a function of ζ over the period of the complete day T day .
• The cross-section σ has a pronouned peak at ωt = 3.27 rad corresponding to η = π/4.
Beyond this particular ζ it falls everywhere. Similarly, the cross-section corresponding to η = 3π/4 shows exactly the opposite behaviour obtained for η = π/4. At ωt = 3.27 rad it is found to be flat, whereas on either side it increases and possesses maximum at ωt = 0.12 rad and 6.28 rad, respectively.
• Finally we see that the unaveraged cross section σ(corresponding to η = π/2) have alternate maxima and minima which at t = 0.12/ω, 3.27/ω and 6.28/ω sec i.e. different times of a day. This periodic cross-section (and thus the signal) is quite interesting and the finding of such event at the Linear Collider will validate the idea of the space-time noncommutativity at the TeV scale.
IV. CONCLUSION
We have investigated the effect of space-time noncommutativity on the fundamental is maximum at ωt = 3.27 rad, whereas for η = 3π/4 it aprrears at ωt = 0.12 rad and 6.28 rad, respectively. The cross-section σ corresponding to η = π/2 is found to posses alternate maxima and minima which appears during different times of a day. The periodic appearence of maxima and minima of the NC signal is a novel prediction which can be tested in the upcoming Linear Collider. Thus the noncommutative geometry is quite rich in terms of its phenomenological implications and there are a lot of potentially relevant interesting processes which can be probed at the Linear Collider.
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The We follow the reference [12] for O(Θ 2 ) Feynman rules. The Feynman rule for the vertex for
where, V 
ψ = 0 and using the momentum conservation rule p in + k = p out :
With these, we can obtain the Feynman rule for γ and Z exchanges as:
Z : 
where θ is the scattering angle made by the 3-momentum vector p 3 of µ − (p 3 ) with thek axis (the 3-momentum direction of the incoming electron e − ) and φ is the azimuthal angle.
The antisymmetric NC tensor Θ µν = ( Θ E , Θ B ) i.e. it has 3 electric and 3 magnetic components. The s-channel driven muon pair production in electron-positron collision is found to be sensitive only to the Θ E vector and hence one obtain constraints on Λ E (Λ). In the laboratory frame (with η = η E , ξ = ξ E ), the electric NC vector Θ E can be written as Θ E = Θ E sin η cos ξî X + Θ E sin η sin ξĵ Y + Θ E cos ηk Z = Θ 
In the above we have used abbreviations viz s η = sin η, c ξ = cos ξ etc. As mentioned before, (η, ξ) specifies the direction of Θ E w.r.t the primary coordinate system with 0 ≤ η ≤ π and 0 ≤ ξ ≤ 2π. Using these we find 
